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Edited by Miguel De la RosaAbstract Compared with algal and cyanobacterial cytochrome
c6, cytochrome c6A from higher plants contains an additional loop
of 12 amino acid residues. We have determined the ﬁrst crystal
structure of cytochrome c6A from Arabidopsis thaliana at 1.5 A˚
resolution in order to help elucidate its function. The overall
structure of cytochrome c6A follows the topology of class I c-type
cytochromes in which the heme prosthetic group covalently binds
to Cys16 and Cys19, and the iron has octahedral coordination
with His20 and Met60 as the axial ligands. Two cysteine residues
(Cys67 and Cys73) within the characteristic 12 amino acids loop
form a disulﬁde bond, contributing to the structural stability of
cytochrome c6A. Our model provides a chemical basis for the
known low redox potential of cytochrome c6A which makes it
an unsuitable electron carrier between cytochrome b6f and PSI.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Cytochrome c6A; Crystal structure; Electron
transfer; Arabidopsis thaliana1. Introduction
Cytochrome (cyt) c6 is a water soluble protein involved in
the high-potential (+330 to +370 mV) electron transfer chain
of oxygenic photosynthesis. Cyt c6 transfers electrons from
the membrane-bound cyt b6f complex to photosystem I
(PSI). In cyanobacteria and the algae, cyt c6 is replaced by
the copper protein plastocyanin (PC) when copper is available.
It was widely accepted that cyt c6 is not present in higher plant
chloroplasts [1], but recent studies have shown that terrestrial
higher plants have a modiﬁed cyt c6, now known as cyt c6A
[2,3]. Although Gupta et al. proposed that the cyt c6A (for-
merly named ‘‘cyt c6 like protein’’ or ‘‘cyt cx’’) could substitute
for PC in electron transfer in higher plants [2], subsequent re-
ports of in vitro and in vivo experiments have indicated that it
is not a suitable electron donor to PSI. The redox potential of
Arabidopsis cyt c6A (+140 mV) is approximately 250 mV lower
than those of algal cyts c6 [4], and the cyt c6A could not substi-Abbreviations: Cyt, cytochrome; PC, plastocyanin; PSI, photosystem I;
Gdn-HCl, guanidine hydrochloride; DG0unf , Gibbs free energy change
for unfolding; m, dependence of DG0unf on Gdn-HCl concentration
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doi:10.1016/j.febslet.2006.05.067tute for PC in the mRNA expression proﬁle of a set of over
3,000 nuclear genes in Arabidopsis mutants [5]. Three hypo-
thetical functions for cyt c6A have been proposed: redox signal-
ing, protein folding, and regulation of photosynthesis. Each of
these functions may be related to the two conserved cysteine
residues in the characteristic 12 amino acids loop [6].
To date, the crystal structures of cyt c6 from the green algae
Monoraphidium braunii [7], Chlamydomonas reinhardtii [8],
Cladophora gromerata [9] and Scenedesmus obliquus [10], the
red alga Porphyra yezoensis [11], and the cyanobacterium
Arthrospira maxima [12] have been determined. However, the
tertiary structure of cyt c6A from higher plants has not been
solved. Here we report the crystal structure of oxidized cyt
c6A from the higher plant Arabidopsis thaliana, and discuss
the reasons for its low redox potential and unsuitability for ra-
pid electron transfer with cyt b6f.2. Materials and methods
2.1. Construction of expression vectors
Full-length cDNA of the cyt c6A gene was obtained from RIKEN
BRC Experimental Plant Division, Arabidopsis full-length cDNA col-
lection [13,14]. Construction of cyt c6A was performed as previously de-
scribed [15]. The mature cyt c6A sequence was ampliﬁed using the
forward primer P1: 5 0-CCATGGCGACTTTGGATATACAGAGAG-
GAG-3 0 corresponding to codons for amino acid residues of the cyt c6A
N-terminal region, and the reverse primer P2: 5 0-CGGGATCCC-
TAGTCCGTAGATACAGTTGG-3 0 corresponding to the C-terminal
region. The ampliﬁed mature cyt c6A sequence was ligated to the pelB
signal sequence adapter (Genset Co, Ltd.). The resulting pelB-cyt c6A
hybrid gene was cloned into NdeI–BamHI sites of pET22b(+) (Nova-
gen) to create the plasmid pET22cytc6A. The construction of an expres-
sion vector C67S/C73S mutant in which the Cys67 and the Cys73 were
replaced by Ser, and that of the characteristic 12 amino acids loop dele-
tion mutant (D12) were constructed according to a method described by
Wastl et al. [16] with slight modiﬁcations.
2.2. Protein expression and puriﬁcation
For the overproduction of wild type and its mutant cytochromes
c6A, their expression vectors were co-introduced with pSTV28ccmA-
H into E. coli BL21(DE3). The procedure for the overproduction of
cyt c6A and its mutants followed as described previously [15] with slight
modiﬁcations. Recombinant cyt c6A and its mutants were pooled and
stored at 80 C. The degree of purity was conﬁrmed by Tricine–
sodium dodecyl sulfate–polyacrylamide gel electrophoresis [17].
2.3. Denaturation
Quantitative disruption of protein structures with guanidine hydro-
chloride (Gdn-HCl) as denaturant was measured by monitoring the
Soret absorbance peaks (418.5 nm) of heme-bound proteins as ablished by Elsevier B.V. All rights reserved.
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tein) in 10 mM sodium phosphate (pH 7.0) containing Gdn-HCl were
incubated for 1 day at 4 C to reach equilibrium, and the visible spectra
were measured at 25 C. The denaturation data were analyzed with a
theoretical curve based on DGunf ¼ RT lnKD ¼ DG0unf  m½Gdn-HCl
by assuming the two-state folding–unfolding transition with the equi-
librium constant KD [18].
2.4. Crystallization and structure analysis
The puriﬁed and lyophilized protein was dissolved in 20 mM sodium
phosphate pH 7.0 and concentrated to 20 mg ml1. The cyt c6A solu-
tion was mixed with an equal volume of 10 mM ZnSO4 Æ 7H2O and
15–20% polyethylene glycol 550 monomethyl ether buﬀered with
200 mM 2-morpholinoethansulfonic acid, pH 6.5. The cyt c6A was
crystallized at 293 K using the hanging drop method. X-ray diﬀraction
data were obtained at the BL-5A, Photon Factory, Tsukuba, Japan.
The data set was processed with HKL2000 and scaled with SCALE-
PACK [19].
Initial phases were determined by the molecular replacement pack-
age MOLREP [20] using the coordinates of P. yezoensis (PDB ID:
1GDV) as a search model. The initial reﬁnement was carried out using
CNS with rigid-body reﬁnement, simulated annealing and restrained
individual B-factor reﬁnement. Then, water molecules were added
and reﬁnement continued using REFMAC5. Manual model building
was performed using XTALVIEW and TURBO-FRODO. The ﬁnal
model has an R-factor of 18.6% and free R-factor 21.5%. Solvent mol-
ecules were placed at positions where spherical electron density peaks
were found above 1.5 r in the j2Fo Fc j map and above 3.0 r in the
jFo  Fcj map, and where stereochemically reasonable hydrogen bonds
were allowed. A summary of the data collection and reﬁnement statis-
tics is given in Table 1. Coordinates of the cyt c6 have been deposited at
Protein Data Bank; ID code 2DGE.Table 1
Crystal parameters, data collection and structure reﬁnement
Data-collection statistics
Temperature (K) 100
Resolution range (A˚) 50.00–1.50 (1.55–1.50)
Space group P1
Unit cell parameters (A˚) a = 50.4, b = 51.8,
c = 53.7
a = 82.5, b = 62.1,
c = 63.3
Reﬂections (measured/unique) 164450/59952
Completeness (outer shell) (%) 88.3 (66.9)
R merge (outer shell) (%) 4.0 (18.3)
Redundancy (overall) 2.7
Mean [I/r(I)] 20.9
Reﬁnement statistics
Resolution range (A˚) 50.00–1.50
r Æ cutoﬀ/reﬂections used 0.0/59952
R factor/R-free (%) 18.6/21.5
RMSD bond lengths/bond angles (A˚) 0.011/1.12
Average of B factors (A˚2) 20.2
Protein/water/Zn 19.6/29.4/13.2
Ramachandran plot
Residues in most favorable regions (%) 89.3
Residues in additional allowed regions (%) 10.7
Residues of disallowed regions (%) 0
Rmerge ¼
P jI i  ðIÞj=
P
I i, where Ii is the intensity of an observation
and (I) is the mean value for its unique reﬂection; summations are over
all reﬂections. R factor ¼PhjF oðhÞ  F cðhÞj=
P
hF oðhÞ, where Fo and
Fc are the observed and calculated structure-factor amplitudes,
respectively. The free R factor was calculated with 5% of the data
excluded from the reﬁnement. Values in parentheses are for the outer
shell, with a resolution of 1.55–1.50 A˚.3. Results and discussion
3.1. Overall structure
Four protein molecules were contained per an asymmetric
unit (Fig. 1A). However, ultracentrifugation analysis showed
that cyt c6A was monomeric in solution (data not shown). Thus
we concluded that the crystallographic tetramer of cyt c6A is
nonphysiological. Crystals of Arabidopsis cyt c6A could only
be obtained in the presence of zinc, and the structure of Arabid-
opsis cyt c6A was determined in the zinc-bound form (Fig. 1A).
The zinc atom is coordinated by Asp4 Od1 and Glu89 Oe2 from
two molecules of cyt c6A (Fig. 1B), resulting in square-planar
coordination as found in cyt c 0 of the photosynthetic bacteria
Rhodobacter capsultus (1CPR) [21] and plastocyanin of the cya-
nobacterium Phormidium laminosum (1BAW) [22]. The overall
structure of Arabidopsis cyt c6A is similar to the structures of al-
gal and cyanobacterial cyt c6 from Monoraphidium (1CTJ),
Chlamydomonas (1CYI), Cladophora (1LS9), Scenedesmus
(1C6O), Porphyra (1GDV) and Arthrospira (1F1F) with
main-chain r.m.s deviations of 1.6, 1.3, 1.4, 1.1, 1.0 and
0.9 A˚, respectively, using the DALI program [23], because
main-chain root mean square deviations among these algal
and cyanobacterial cyt c6 are 0.4–1.3 A˚. These results indicated
that the Arabidopsis cyt c6A consists of a single polypeptide
chain folding around the heme prosthetic group. The secondary
structures are classiﬁed according to the criteria of Kabsch and
Sander [24]. Four a-helices, Leu3-Cys16 (I), Thr35-Asn41 (II),
Glu46-Phe55 (III) and Asp81-Asp96 (IV) are found with helices
I and IV crossing at about 90 to each other (Fig. 1C). Residues
between Gly23 and Leu33 forming an X-shaped loop are also
observed in algal cyt c6 [7–11]. The characteristic 12 amino
acids loop of cyt c6A runs from Glu65 to Gly76 (Fig. 1C and
D) and includes two cysteine residues, Cys67 and Cys73, which
form a disulﬁde bond (Fig. 1C and E). A short b-sheet is formed
by Lys57-Met60 with only two main chain hydrogen bonds
between Lys57 O and Met60 N (Fig. 1C).
Three aromatic amino acid residues, Phe12, Phe90 and
Trp99 are conserved between cyt c6A and algal cyt c6 [7–12].
They stack near pyrrole ring B of the heme and stabilize the
interaction between helices I and IV. The association of these
helices has been proposed to be an early event in the folding
pathway for class I c-type cytochromes [25].3.2. Role of the Cys67 and Cys73 in conformational stability of
cytochrome c6A
The DG0unf of 11 kcal/mol and the m of 4 kcal/mol ·M of the
wild type were higher than those of C67S/C73S (5 kcal/mol
and 3 kcal/mol ·M, respectively) and D12 (5 kcal/mol and
3 kcal/mol ·M, respectively). Consequently, the decrease in
the thermodynamic stability of C67S/C73S and D12 mutant
is attributable to the lack of the disulﬁde bridge.3.3. Heme pocket
The heme group binds covalently to the polypeptide chain
through two thioether bonds from Cys16 and Cys19 and is al-
most entirely buried within a hydrophobic crevice, leaving only
one edge of pyrrole rings A and C, and the propionate side
chain of ring D exposed to solvent. The heme structure of
cyt c6A is not completely planar, but slightly distorted into a
saddle shape, typical for cyts c [7–12]. The iron atom has octa-
hedral coordination with His20 and Met60 as the axial ligands
Fig. 1. Crystal structure and electron-density map (2Fo  Fc) of cytochrome c6A from Arabidopsis thaliana. (A) The four protein molecules in the
asymmetric unit of A. thaliana cytochrome c6A. (B) Final electron-density map around the zinc ion and neighboring residues contoured at 1.2 r. (C)
Cross-eyes stereo image of the overall strucrure of A. thaliana cytochrome c6A. (D) Superimposion of A. thaliana cytochrome c6A (red) and red alga P.
yezoensis cytochrome c6A (blue). (E) The ﬁnal electron-density map (2Fo  Fc) around the characteristic 12 amino acids loop contoured at 1.2 r. A is
represented by a Ca trace with an attached heme group. Four protein molecules were displayed by one molecule with a diﬀerent color (red, green,
yellow and cyan), respectively. The zinc is represented by sphere model with gray color. B and E the heme and amino acid residues are represented by
ball-and-stick models with atom-speciﬁc colors: yellow, carbon; cyan, nitrogen; red, oxygen; orange, iron; green, sulfur; gray, zinc. C, The a-helices
(blue), b-sheet (green) and the characteristic 12 amino acids loop (red) are indicated as thick ribbons. The Cys16, Cys19, His20, Met60, Cys67, Cys73
and heme are represented by ball-and-stick in the same coloring scheme as B and E. D, The superimposition was calculated using lsqkab in CCP4.
The structure is superimposed by a rigid body rotation and translation that minimized the root-mean-square diﬀerence between their main chain Ca
atoms.
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His20 Ne2 and Met60 Sd from the heme iron are 1.9 A˚ and
2.3 A˚, respectively, and the His20 Ne2–Fe–Met 60Sd angle is
175.7.Several water molecules are found hydrogen bonded to the
heme propionate groups of both cyt c6 and cyt c6A. Three
water molecules, Wat19 (B-factor, 18 A˚2), Wat33 (B-factor,
20 A˚2) and Wat97 (B-factor, 28 A˚2), lie close to the
Fig. 2. The ﬁnal electron-density map (2Fo  Fc) around the heme
contoured at 1.2 r. The heme and amino acid residues are represented
by ball-and-stick models in the same coloring scheme as Fig. 1B, C
and E.
Fig. 3. Solvent-exposed surface area in the vicinity of the heme of
Arabidopsis cytochrome c6A. The solvent exposed parts of hydrophobic
residues, basic residues and the heme are shown in yellow, blue and
green, respectively.
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the corresponding position in algal cyts c6 [7,9], and since
Wat19 remains in this position in both the reduced and oxi-
dized forms of cyt c6, it seems to play no signiﬁcant role in
the redox cycle [10].
The modulation of the redox potential of c-type cyts is
mainly inﬂuenced by the electrostatic interactions between
heme propionate and protein side chains [26], the polarity of
the heme environment [27], and the accessibility of the heme
to the solvent [28].
Most obviously, there is the diﬀerence in the electrostatic
interaction between heme propionate D and protein side chain;
Ala31 in Arabidopsis cyt c6A (Fig. 2) is replaced by Lys29 in
Porphyra or by His or Lys residues in the other available algal
and cyanobacterial cyts c6 structures. Experimental substitu-
tion of an apolar residue into a lysine residue that is an elec-
tron-withdrawing residue near the propionate of heme
pyrrole ring D in yeast iso-1-cyt c increased the redox potential
by 114 mV [29].
The polarity of the side chains packed around the heme is
also thought to be important in establishing redox potential
[30]. In this respect, comparison of the polarity of the side
chains packed around the heme between Arabidopsis cyt c6A
and Porphyra cyt c6 showed that two diﬀerent amino acids ex-
ist; Gln28 and Thr53 of cyt c6A those are hydrophilic residues
(Fig. 2) which superimpose on Met26 and Val51 of Porphyra
cyt c6. In the case of other algal and cyanobacterial cyts c6, iso-
leucine or methionine residue superimposes on Gln28 of cyt
c6A, and valine residue corresponds to Thr53 of cyt c6A.
Previous reports have shown that the redox potential is: (1)
decreased; and (2) increased with decreasing and increasing
hydrophobicity of the heme pocket: (1) substitution of Val25
of Anabaena cyt c6 to glutamate is decreases the redox poten-
tial [31]; (2) Tyr48 of horse cyt c has been made including a
slightly more hydrophobic indotyrosine or O-acetyl tyrosine,
with a consequent redox potential rise of 10 mV both case [32].However, the exposed surface area of heme in cyt c6A was no
diﬀerence from that of algal cyts c6 (data not shown).
As mentioned above, the electrostatic interactions between
heme propionate and protein side chains and the hydrophobic-
ity of the heme of cyt c6A should contribute to the lower redox
potential.
3.4. Comparison of electron transfer region between cytochrome
c6A and cytochrome c6
Electrons are transferred to and from cytochromes via the
exposed heme edge [33], and the amino acid residues in this re-
gion are therefore responsible for the selectively of partner pro-
teins which can exchange electrons with the cytochromes. In
the case of algal and cyanobacterial cyts c6, two positively
charged amino acid residues (lysine or histidine) are found
near the heme edge, but one of these in replaced by Ala31 in
cyt c6A (Fig. 3). Previous study has reported that modiﬁcation
of these positive amino acid residues near the heme edge other
amino acid residues decelerates the rate of electron transfer
[31]. Therefore, cyt c6A is predicted to be an unsuitable electron
carrier between cytochrome b6f and PSI because of substitut-
ing Ala31 in cyt c6A for positive amino acid residues in algal
and cyanobacterial cyts c6.
Moreover, De la Rosa’s group suggested that cyt c6 pos-
sesses two areas involved in the redox interaction with PSI:
(1) a hydrophobic region at the edge of the heme pocket that
may provide the contact surface for the transfer of electrons
to P700 of PSI, and (2) a positively charged patch that may
drive its electrostatic attractive movement toward PSI to form
a transient complex [31].
Although algal cyts c6 create a hydrophobic patch at the edge
of the heme pocket, one of these amino acids in cyt c6A is Gln28,
a hydrophilic amino acid (Fig. 3). In the hydrophobic patch of
Anabaena cyt c6, replacement of Val25 with alanine or gluta-
mate promoted a decrease in the bimolecular rate constant
for the overall reaction of PSI of 2 or 60 times, respectively [31].
At the surface, cyt c6A and cyt c6 show a similar negatively
charged regions around helix IV, including Asp4, Asp81,
Glu82, Glu83 and Glu89 in cyt c6A. Cyt c6A also has more
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and Glu48. In the electron transport system in photosynthetic
organisms other than terrestrial higher plants, cyt c6 collects an
electron from cyt f, which has a positively charged region at
the interaction site [7–11]. Cyt c6 then passes the electron to
the PsaF subunit of PSI, which has a positively charged N-ter-
minal a-helix containing six lysines [34]. The presence of the
negatively charged patch therefore suggests that cyt c6A might
interact with redox partners, but the structure provides a clear
explanation of the observed low reactivity with PSI [4,12].
In conclusion, we have determined the ﬁrst crystal structure
of cyt c6A from A. thaliana including the characteristic addi-
tional 12 amino acids loop that forms a disulﬁde bridge con-
tributing the structural stability. On the basis of this
structure, we suggest a structural basis for the lower redox po-
tential of cyt c6A compared to algal cyts c6: (1) lack of a posi-
tively charged amino acid residue taking part in electrostatic
interaction with the heme propionate, and (2) the decreasing
of heme hydrophobicity. Furthermore, cyt c6A lacks a lysine
residue which is essential for eﬃcient electron transfer to
P700 of PSI, and inserts hydrophilic amino acid in hydropho-
bic patch that is crucial for hydrophobic interaction with PSI,
explaining why cyt c6A is unsuitable redox partner for PSI.
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